New air-stable, water-soluble Ru(II)-phosphane complexes were synthesized in high purity by the reaction of cis-[RuCl2(dmso)4] with 2 equivalents of 1,3,5-triaza-7-phosphaadamantane (pta) and its N-methyl and N-benzyl derivatives (pta-Me and pta-Bn, respectively). All new complexes were characterized by elementary analysis and spectroscopic methods (NMR, ESI  1 and the new complexes actively catalyzed the isomerization of allylic alcohols.
Introduction
Water is widely considered useful for elimination of hazardous organic solvents in organic synthesis and catalysis. An additional green feature of applying water-soluble catalysts is that the use of aqueous-organic biphasic systems allows recycling of the catalyst under mild conditions by easy phase separation. [1] [2] [3] [4] The chemistry of Ru(II) catalysts containing water-soluble phosphanes as ligands has received considerable attention in recent years. [4] In many cases, Ru(II)-complexes of tertiary phosphanes applied in homogeneous catalysis are synthesized from RuCl3 . aq as starting material. However, ligand exchange reactions of water-soluble Ru(II)-complexes containing sufficiently labile ligands allow more precise control of the composition and structure of the products. [5] For example, [Ru(H2O)6](tos)2 (tos = p-toluene-sulfonate) can be efficiently used for this purpose. However, this compound is tedious to synthesize, highly sensitive to oxygen and is stable only in acidic solutions. [6, 7] The ruthenium(II) dimethylsulfoxide complexes, cis-and trans-[RuCl2(dmso)4] are conveniently prepared and easy-to-handle compounds. [8, 9] Earlier cis-[RuCl2(dmso)4], 1 was used as precursor for the synthesis of Ru(II)-complexes with aryl, sulfonated aryl, and cyclohexyl phosphanes, both in aqueous and in non-aqueous media. [8, [10] [11] [12] [13] [14] In addition, several ligands with N-and O-donor atoms were studied in substitution reactions of both isomers of [RuCl2(dmso)4]. [15] This was -in part-motivated by the expected biological effects of the products. [16] [17] [18] [19] While 1 itself also shows antitumor and remarkable antimetastatic activity, certain of its substituted derivatives are even more effective. [20] 1,3,5-Triaza-7-phosphadamantane (1,3,5-Triaza-7-phosphatricyclo[3.3.1.1]decane, pta) is a small, aliphatic tertiary phosphane with a cage structure, well soluble in water.
Ru(II)-pta complexes such as [RuCl2(pta)4] have already been applied in biphasic catalysis [21] and the field is well reviewed. [5, 22, 23] In contrast to other tertiary aminoalkylphosphanes where alkylation takes place on phosphorus, pta is alkylated smoothly on one of its nitrogen atoms. [24] The charge and steric bulk of such ligands are changed by quaternarization and this is reflected also in their water-solubility. [25] Coordination properties of alkyl-pta derivatives and catalytic applications of their complexes received less attention than those of pta. Rare examples include the use of (pta-Bn)Cl (Scheme 1) in Rh-catalyzed hydroformylation of higher olefins [26, 27] and that of [(η-arene)RuCl2(pta-Bn)]Cl in hydration of nitriles. [28] [CpRuCl(pta-Me)2](OSO2CF3)2 and [CpRu(pta-Me)2(H2O)](OSO2CF3)3 were found effective catalysts of the redox isomerization of allylic alcohols. [29 ] In addition, pta has been successfully used for synthesis of anticancer Ru(II)-arene complexes [30] . Strikingly, 1 itself was only scarcely used [31, 32] as catalyst in such reactions so its study was also accomplished.
Results and Discussion

Reactions of cis-[RuCl2(dmso)4] with water-soluble phosphanes
According to the literature, [10] boiling of a toluene suspension of 1 and three equivalents of the water-soluble phosphane, mtppms, for 2 h resulted in formation of the mononuclear [RuCl2(dmso)(mtppms)3]. However, we found this reaction rather slow and incomplete and 31 P NMR indicated the formation of more than one product. No significant improvement/optimization could be reached by varying the ligands (mtppms or mtppts), ligand to metal ratio (1 to 3), solvents (toluene, methanol or water), reaction time or reaction temperature.
In contrast to the aromatic phosphanes, pta reacted cleanly with 1 in chloroform. The reaction was followed by uv-vis spectrophotometry (Figure 1 .). The isosbestic point at λ = 346 nm refers to the formation of a single product (2) . Formation of 2 became complete in two hour and there were no further spectral changes. Only one singlet at δ = -60.7 ppm (in CDCl3) appeared in the 31 P NMR spectrum. Based on integrated 1 H signal intensities of free and coordinated dmso as well as those of coordinated pta we concluded that the product was [RuCl2(dmso)2(pta)2] (2). The singlet 31 P signal refers to the phosphanes being in trans position each to the other (Scheme 2). This observation is in agreement with that substitution of chloride in this solvent is not favoured. The molecular structure of 2 in solid state was confirmed by single crystal x-ray diffraction (see later). (6) . This is corroborated by the finding that when [RuCl2(dmso)2(pta)2] (2) was reacted first with AgNO3 followed by the addition of 2 equivalents of pta, after a reaction time of 2 h at room temperature only the singlet at δ = -52.9 ppm was observed. The same signal was observed when 1 was dehalogenated in reaction with AgNO3, followed by addition of 4 equivalents of pta. [34] It is also worth mentioning, that in contrast to the reaction of [Ru(H2O)6] 2+ and pta, formation of mono-or tris-phosphane complexes was not observed.
In acidic solutions both free and coordinated pta can be protonated on one of the nitrogen atoms. Figure 2 shows the shift of the 31 P NMR signal of [RuCl2(dmso)2(pta)2] as a function of the acidity of its aqueous (D2O) solutions. Henderson-Hasselbach analysis of the data gave pKa = 3.40 (applying the pH = pD -0.44 scaling [35] ) and the 31 P NMR shifts calculated with this value are also shown on Figure 2 .
Literature values of the pKa of pta vary in the range of 5.63-6.0, [7, [36] [37] [38] so the protonation of coordinated pta in 2 takes place under more acidic conditions relative to the free ligand.
Single crystals of 2a were obtained from hydrochloric acid solutions of 2. X-ray diffraction analysis of the molecular structure of 2a (see Supplementary Information: Figure S1 ) showed that both phosphane ligands had one protonated nitrogen each. The reaction was complete in 1.5 h, and no sign of any other species was detected in the NMR spectra even at higher temperature (up to T = 70 °C).
3 is stable to air and its best solvent is water. Due to its charge solubility of 3 in water is approximately 1. 
Molecular structures of cis-cis-trans-[RuCl2(dmso)2(pta)2] (2), cis-cis-trans-[RuCl2(dmso)2(ptaH)2]Cl2 (2a) and cis-cis-trans-[RuCl2(dmso)2(pta-Me)2](CF3SO3)2 (4) in solid state
Results of X-ray structure determinations are summarized in Table 2 .
Search of the Cambridge Structural Database (Ver. 5.33, Update May, 2012) [39] revealed that all RuCl2P2S2 complexes in the database contain exclusively bidentate ligands with P-S, P-P or S-S donor pairs. In fact, 2, 2a and 4 are the first crystallographically characterized complexes with RuCl2P2S2 coordination containing monodentate ligands. The two phosphorus atoms are in trans-position, however, the P-Ru-P angles significantly deviate from 180° being 161° in 2, 168° in 2a and 165° in 4. In the vast number of RuP2 complexes (over 4500 hits in CSD) the P-Ru-P angles rarely deviate from 180° or 90°: in the crystals obtained from
[Ru(H2O)6] 2+ with pta or its derivatives [7] (trans- [45, 46] 
Isomerization of allylic alcohols catalyzed by Ru(II)-dmso complexes
Redox isomerization of allylic alcohols to the respective oxo derivatives is a synthetically valuable procedure since it allows a stepwise transformation (oxidation and reduction of conjugated alcohol and C=C functions, respectively) in a single procedure. [29, [47] [48] [49] cis-[RuCl2(dmso)4] has already been applied as catalyst for isomerization of 3-buten-2-ol to butan-2-one in homogeneous water-diglyme solvent mixtures, however, as high temperatures as 130 °C had to be used for meaningful reaction rates. [31] Gimeno et al studied the reduction of 1-octen-3-ol by hydrogen transfer from 2-propanol with 1 as catalyst in homogeneous solution. [32] The reaction yielded octan-3-one as major product together with 16 % octan-3-ol.
Furthermore, at a substrate/catalyst ratio of 100 the reaction required 9 h (T = 82 °C) to reach full conversion. These literature reports prompted us to investigate the catalytic properties of 1 in more detail, especially since no investigations were done with this catalyst in aqueousorganic biphasic systems. We also checked the catalytic activities of the pta-containing Ru(II)-complexes 2-5. Under inert atmosphere (Ar or N2), isomerization of 1-octen-3-ol in a water-toluene biphasic mixture was slow or did not proceed at all. According to the known mechanism of homogeneously catalyzed redox isomerizations the reactions proceed through the transient formation of hydridometal complexes and in many cases the hydrogen source is the substrate allylic alcohol itself. Nevertheless, hydride donors such as H2, 2-propanol or aqueous formate can facilitate the formation of the catalytically active hydrido species. [47] Dcalc/Mg m Under hydrogen the reaction catalyzed by 1 led to a highly selective conversion of 1-octen-3-ol (in 1 h, TOF = 42 h -1 ) to octan-3-one (83 %) with only 2 % of the hydrogenated product, octan-3-ol (Scheme 3). This result demonstrates for the first time, that in a dihydrogen atmosphere 1 can be successfully used for redox isomerization of 1-octen-3-ol under mild conditions with high activity and selectivity to octan-3-one.
Scheme 3. Hydrogenation and isomerization of 1-octen-3-ol.
Hydrogen gas is flammable and explosive, however, in many cases can be replaced by solutions of Na-formate in water as safe H-donor. Furthermore, catalytic transfer hydrogenation of oxo-compounds from aqueous Na-formate is well studied and the conditions of C=O/C=C selectivity are known. Therefore isomerization activities of 1-5 were also studied in the presence of HCOONa.
An aqueous solution of 1 and HCOONa (1:50) was intensively stirred at 80 °C under argon with a toluene solution of 1-octen-3-ol yielding exclusively octan-3-one in 1 h. In other words, despite the presence of an H-donor, no hydrogenation of the resulting ketone was observed. This is in contrast to the results of Gimeno et al who in the same reaction with the same catalyst observed considerable formation of 1-octen-3-ol in homogeneous 2-propanol solution. [32] In addition, with Na-formate as H-source in aqueous-organic biphasic system the reaction proceeded much faster (1 instead of 9 h for full conversion).
Other allylic alcohols reacted also with 100 % selectivity with respect to the formation of the corresponding ketones (Scheme 4). 
T(°C)
Recycling of the catalyst was attempted the following way. After 1 h reaction, stirring was stopped, the phases were separated, a new batch of the toluene solution of 1-octen-3-ol was added to the catalyst-containing aqueous phase and the stirring continued. Although the selectivity to octan-3-one remained 100 %, the conversion dropped to 36 % in the second, and to 4 % in the third cycle.
Of the various pta-containing Ru(II)-complexes of this study 2, 3 and 4 proved less active than 1, nevertheless they catalyzed the formation of octan-3-one with considerable selectivity ( Figure 6 ). However, in case of [RuCl2(pta)4] (5) only a slight activity was determined (6 % conversion in 1 h). This is in agreement with the known low catalytic activity of this tetrakisphosphino-Ru(II) complex in other catalytic reactions (hydrogenation, hydrogen transfer from formate).
[21] Concerning the reaction mechanism, one of the possible pathways is the isomerization of allylic alcohols to saturated ketones followed by hydrogenation of the latter to saturated alcohols. However, in independent reactions no hydrogenations of the respective ketones occurred (either with H2 or with formate), therefore with the catalysts described above we consider isomerization and hydrogenation of allylic alcohols as parallel reactions.
Conclusions
The 
Experimental Section
General Remarks
Allylic alcohols (Aldrich) and other reagents and solvents were commercially available and used as received. The water-soluble phosphane ligands, mtppms, [50] mtppts (mtppts = P(C6H4-3-SO3Na)3), [51] pta, [52] (pta-Bn)Cl (1-benzyl-1-azonia-3,5-diaza-7-phosphaadamantyl chloride), [36] and cis-[RuCl2(dmso)4] (1), [8] were prepared according to the literature. (ptaMe)CF3SO3 [25] was kindly supplied by Prof. A. Romerosa (U. Almería, Spain). 1 is a light sensitive compound, [9, 53] therefore its reactions were studied with the careful exclusion of light.
All reactions and manipulations were carried out under argon atmosphere. Reaction mixtures were analyzed by gas chromatography (HP5890 Series II; Chrompack WCOT Fused Silica 30m*32mm CP WAX52CB; FID; carrier gas: argon). The products were identified by comparison to known compounds. 1 H, 31 P and 13 C NMR spectra were recorded on a Bruker
Avance 360 MHz spectrometer and referenced to 3-(trimethylsilyl)propanesulfonic acid Nasalt (DSS). ESI mass data were collected on a BRUKER BioTOF II ESI-TOF spectrometer.
Solubilities were determined by incremental addition of the compounds to water. Complete dissolution was checked by laser light scattering.
Synthesis and characterization of Ru(II) complexes
Preparation of cis-cis-trans-
In the dark, a mixture of 1 (400 mg 0.82 mmol) and pta (259 mg, 1.64 mmol ) in chloroform (5 mL) was stirred for 2 h at room temperature. vessels at a complex concentration of 0.01 mol/dm 3 . Small amounts of cc. NaOD and DNO3
solutions were used to adjust the pH measured using a Radelkis OK117 pH meter and a combined electrode.
X-ray crystallographic studies
X-ray data collection was performed using a Bruker-Nonius MACH3 diffractometer equipped with a point detector using graphite-monochromated Mo-Kα radiation, λ = 0.71073 Å. The structures were solved by the SIR-92 program [54] and refined by full-matrix least-squares method on F 2 , with all non-hydrogen atoms refined with anisotropic thermal parameters except in the solvent region in 2 since chloroform in two orientations occupies a channel in the lattice (Figure S1 .a). Refinement was performed using the SHELXL-97 package; [55] publication material was prepared with the WINGX suite. [56] Hydrogen atoms were located geometrically and refined in the rigid mode or found at the difference Fourier map. Solvent water molecules in 2a and 4 ( Figure S1 .b and S1.c) have partial occupancy and can have various orientations forming different hydrogen bond networks with acceptors resulting shift and errors even in the last stage of the refinement.
General Procedure for Catalytic Isomerization of Allylic Alcohols
Under an inert atmosphere, the catalyst precursor (0.01 mmol) and Na-formate (0.5 mmol)
were dissolved in 3 mL of deoxygenated water. The solution was then heated to the indicated temperature and then allylic alcohol (0.5 mmol, in 1 mL of toluene) was introduced. The system was rapidly stirred for one hour and then was cooled to room temperature. The separated organic phase was filtered through a short silica gel column and was subjected to gas chromatography.
Supplementary material
CCDC 859702-859704 contain the supplementary crystallographic data for the ruthenium complexes 2, 2a and 4. These data can be obtained free of charge from Cambridge
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